Abstract Coastal wetlands are hotspots for biodiversity and biological productivity, yet the hydrology and carbon cycling within these systems remains poorly understood due to their complex nature. By using a novel spatiotemporal approach, this study quantified groundwater discharge and the related inputs of acidity and CO 2 along a continuum of a modified coastal acid sulphate soil (CASS) wetland, a coastal lake and an estuary under highly contrasting hydrological conditions. To increase the resolution of spatiotemporal data and advance upon previous methodologies, we relied on automated observations from four simultaneous time-series stations to develop multiple radon mass balance models to estimate groundwater discharge and related groundwater inputs of acidity and dissolved inorganic carbon (DIC), along with surface water to atmosphere CO 2 fluxes. Spatial surveys indicated distinct acid hotspots with minimum surface water pH of 2.91 (dry conditions) and 2.67 (flood conditions) near a non-remediated (drained) CASS area. Under flood conditions, groundwater discharge accounted for ∼14.5 % of surface water entering the lake. During the same period, acid discharge from the acid sulphate soil section of the continuum produced ∼4.8 kg H 2 SO 4 ha
Introduction
Coastal wetlands, lakes and estuaries are dynamic ecosystems hosting some of the highest biodiversity and biological production in the world (Bianchi 2007) . They have been described as 'kidneys of the landscape', which efficiently filter terrestrial and anthropogenic contaminants and nutrients (Mitsch and Gosselink 1993) . However, coastal lakes and estuaries are susceptible to environmental issues such as eutrophication, acidification and deoxygenation (Dodson 2004) . Historically, many coastal wetland environments have been artificially drained and cleared to aid agriculture, aquaculture
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Electronic supplementary material The online version of this article (doi:10.1007/s12237-016-0099-8) contains supplementary material, which is available to authorized users. and urban development (White et al. 1997) . These areas are often sought after due to favourable temperature, soil and hydrological properties that are well suited to agriculture and urban expansion (White et al. 1997) . As a result, significant modification and loss of coastal wetlands has occurred (Page and Dalal 2011) .
In coastal wetlands, groundwater discharge is often poorly understood and can be challenging to measure due to its temporal variability and patchy nature Harvey and Nuttle 1995; Gleeson et al. 2013; Santos et al. 2012a) . As a result, the discharge rates often remain unquantified and unaccounted for in coastal flux assessments (Burnett et al. 2006) . Although groundwater discharge is often volumetrically lower than surface water discharge, groundwater discharge often releases trace elements, nutrients and greenhouse gases into estuarine systems (Call et al. 2015; Charette and Buesseler 2004; Paerl 1997; Perkins et al. 2015; Slomp and Van Cappellen 2004) . Therefore, groundwater discharge may be a major driver of surface water chemistry.
Natural tracers such as radon ( 222 Rn) have been used to advance our understanding of groundwater discharge in complex environments (Dulaiova et al. 2008; Peterson et al. 2010; Stieglitz 2005) . Radon, a noble gas, is part of the uranium decay chain and is present in nearly all sediments (Burnett et al. 2001) . Any water in contact with sediments for longer than several hours acquires a 222 Rn signal that is often two to four times greater than surface waters (Santos et al. 2012a ). Therefore, it is possible to use 222 Rn as a groundwater tracer as 222 Rn in the water column often reflects nearby groundwater inputs due to its short half-life (3.8 days). As a result of advances in technology, automated portable 222 Rn detectors can be easily deployed and used in the field (Burnett et al. 2001) . Previous studies estimating groundwater discharge in wetlands or estuaries have often relied upon a single time-series 222 Rn sampling station near the outlet of the area of interest . However, multiple 222 Rn time-series stations can decrease mass balance uncertainties Santos et al. 2014; Sadat-Noori et al. 2015a) . Further, multiple stations also provide spatial insight into groundwater discharge hotspots and may help to account for shifts in hydrology and chemistry along the flow path of an estuary Sadat-Noori et al. 2015b) .
Coastal acid sulphate soils (CASS) cover about 17 million hectare globally (Ljung et al. 2009 ) and were generally formed during the last sea level rise, when many low-lying coastal soils throughout the world accumulated sulphidic deposits. If left undisturbed and in anoxic conditions, this sulphidic material (predominately metal sulphides such as pyrite) is relatively stable and poses little risk to surface water acidification (Fitzpatrick et al. 2009 ). However, these sulphides readily oxidise to form sulphuric acid under oxidic conditions (Fitzpatrick et al. 2009 ). Due to their low elevation, CASS are often located within alluvial flood plains, which are often suited to development (Fitzpatrick et al. 2009 ). In order for development to take place, the flood plains are commonly drained to mitigate the adverse effects of large flood events . This drainage can increase oxidation rates of sulphidic soils by the lowering of natural groundwater water tables. By dissecting the natural levee systems, the drains increase the connectivity between sulphidic back swamp basins and estuarine channels (Wong et al. 2010) , efficiently mobilising and exporting acid downstream (Macdonald et al. 2004) . The mobile acids react with clay minerals in sediments to release trace metals into surface waters (Claff et al. 2011) . In addition to the acidic degradation of engineering structures and the biological effects of the acid itself, products such as iron and aluminium, which are released due to changes in redox conditions, can be highly toxic to plants and gilled organisms, leading to large fish kill events Macdonald et al. 2004; Sammut et al. 1996) .
In Australia, CASS deposits cover about 2 % of the coastline or ∼40,000 km 2 (Macdonald et al. 2004 ). However, the areal influence of CASS-derived water is likely to be much larger than this as CASS waters travel downstream. Studies in CASS areas have assessed the impacts of hydrology modification on nutrient cycling , acidity generation , groundwater-surface water interactions , deoxygenation events , sediment and metal exports (Macdonald et al. 2004; ) and, more recently, the apparent links between modified CASS wetlands and greenhouse gas emissions (Atkins et al. 2013; Gatland et al. 2014; Ruiz-Halpern et al. 2015) . However, most of these studies have focussed on the CASS areas estimated from LIDAR elevations and DEM models. As CASS areas largely do not exist in isolation and the influence of CASS area may spread well beyond the actual hotspots of acid release, this may have left a significant gap in the understanding of CASS.
Carbon dioxide (CO 2 ) concentrations in coastal aquatic systems are of particular importance as these waters are supersaturated in CO 2 and can therefore be a source of CO 2 to the atmosphere (Borges and Abril 2011; Borges et al. 2005; Cai 2011; Frankignoulle et al, 1998) . In undisturbed and vegetated wetlands, waterlogging and generally anoxic conditions provide for slow decomposition rates and enhance sediment carbon storage processes (Page and Dalal 2011) . Natural wetlands are therefore considered net sinks of atmospheric CO 2 ; however, when drained, these systems can change to a net source of CO 2 to the atmosphere (Page and Dalal 2011; Macklin et al. 2014) . In near-neutral waters where pH is between 6 and 8, inorganic carbon speciation favours bicarbonate (HCO 3 − ) (Kalff 2002) . As the pH of water drops <6.0, a higher proportion of DIC is present as CO 2 , with any remaining HCO 3 − available providing buffering for H + and the subsequent formation of the weak carbonic acid (H 2 CO 3 ). However, in acidified waters (below a pH of ∼5.0), the amount of HCO 3 − available to provide H + buffering is negligible, shifting the carbonate system further towards higher CO 2 partial pressures (and subsequently higher water to air CO 2 fluxes) in surface waters (Cai and Wang 1998; Kalff 2002) . In CASS systems, the extremely low pH and potentially high groundwater discharge rate may create ideal conditions for high CO 2 fluxes to the atmosphere (Atkins et al. 2013; Gatland et al. 2014; RuizHalpern et al. 2015) .
This study aims to quantify groundwater discharge and the associated input of acidity and CO 2 to a continuum of artificial drains, wetland creeks and an estuarine lake surrounded by acid sulphate soils. More specifically, the study aims to determine whether drained and acidified CASS wetland emits higher CO 2 fluxes to the atmosphere than remediated CASS wetland. Further, we assessed the downstream estuarine dynamics of CASS acid inputs. To achieve this, multiple timeseries stations were used to construct a mass balance for radon, acid and CO 2 and assess the changes in these parameters as surface water transitioned through the CASS creek, wetland and estuary continuum under different hydrological conditions.
Material and Methods

Study Site
Field experiments were performed in the Cudgen catchment, a CASS/wetland/lake/estuary system on the north coast of New South Wales (NSW), Australia (Fig. 1) . The catchment covers an area of approximately 100 km 2 , with 20 % of this area underlain by CASS (Heath et al. 2001 ). The climate is subtropical with an average annual evaporation of 1100 mm and precipitation of 1650 mm, most of which falls between December and May (Macdonald et al. 2004) . The catchment has undergone extensive modification over the past century with most of the original wetlands cleared and drained for agricultural purposes (Tulau, 1999) .
In the centre of the catchment lies Cudgen Creek and the 160-ha Cudgen Lake both located within the 464-ha Cudgen Nature Reserve. Major pressures on the lake and estuary have been identified as acid runoff from the disturbed CASS, agriculturally induced soil erosion and urban developments (Tweed Shire Council 2012) . The catchment has experienced large fish kills in 1991 and 1998 due to acid releases, Fig. 1 The Cudgen catchment in northern New South Wales, Australia. The time-series stations, groundwater sampling points, CASS and major drain distribution are shown deoxygenation and metal mobilisation (Tulau 1999) . In an effort to reduce the effects of acid discharge upon the lake, mitigation measures were undertaken within the Clothiers Creek subcatchment in 2004. This involved liming and infilling of nearly 6 km of drains, drain modifications and scald remediation (Tweed Shire Council 2012) . A follow-up assessment of this remediation work in 2012 indicated that acid discharge is still occurring in other areas of the estuary and lake system (UNSW 2013). Whilst the Clothiers Creek remediation works were successful, other problematic acid hotspots were identified within the Reserve Creek tributary (UNSW 2013). Therefore, from herein, 'Clothiers Creek' and 'Reserve Creek' tributaries will be referred to as 'remediated creek' and 'non-remediated creek', respectively.
Approach
A number of field and laboratory experiments were performed to assess whether groundwater discharge released acidity or CO 2 along a CASS wetland/lake/estuary continuum: (1) spatial surveys were undertaken to identify groundwater, acidity and pCO 2 hotspots; (2) time-series observation at four stations were performed under contrasting hydrological conditions (baseflow and flood) to develop a radon mass balance model and estimate CO 2 evasion from waterways; (3) groundwater was sampled to determine the composition of groundwater entering the system and (4) laboratory experiments were carried out to determine rates of radon diffusion and radium decay, to allow us to close the radon mass balance model and more accurately quantify groundwater discharge rates.
Time-Series Deployments
To assess spatial and diurnal variability in 222 Rn, CO 2 and acid discharge, four time-series stations were simultaneously deployed at different locations along the continuum for 48 h under dry conditions and 25 h under flood conditions (Fig. 1) . Two stations were located 1 km upstream of an identified acid hotpot, which was identified by pH observations during the spatial survey: one station in the remediated creek (Clothiers Creek) and one in the non-remediated creek (Reserve Creek). A third station was positioned about 1 km downstream of the acid hotspot within the floodplain ('CASS' station) to capture the impacted CASS water moving downstream. A fourth station located near the lake outlet ('Lake Exit' station) was used to evaluate tidal influence upon the lake and to assess the physicochemical transformations of CASS-influenced waters in the lake. Both 222 Rn and CO 2 were measured as described below for the spatial survey. All CO 2 analysers were calibrated prior to and following field deployments using 0, 441 and 21,014 ppm standards (Coregas), and 222 Rn monitors were calibrated prior to deployment by the manufacturer. Temperature, conductivity, DO%, pH and salinity were measured in situ using a calibrated multi-parameter water quality sonde (Hydrolab DS5), with a logging interval of 10 min. A combined conductivity, temperature and depth probe (CTD, Schlumberger) and acoustic Doppler current profiler which averaged velocity over the entire water column (SonTek, Argonaut) were submerged at the Lake Exit and CASS station to measure changes in salinity, water depth and current velocity at each location. At the nontidal creek sites, current velocity was measured using the floating object method, where a floating object was timed over a known distance with the average of five replicates used. To determine creek discharge rates, the creek cross sectional area (m ).
Spatial Surveys
During both sampling periods, a simultaneous catchment scale survey along the creeks and estuary was undertaken with a handheld probe (556 MPS, YSI) over a <14-h period whilst time-series observations were being made. In addition, we performed a spatial survey of the lake from a kayak during the dry time-series on 18 December 2014, with measurements every 10 min (n = 38) of depth, pH, dissolved oxygen saturation (DO%) and salinity. In order to measure pCO 2 and 222 Rn, lake water was pumped via a submersible bilge pump into a gas equilibration device (Santos et al., 2012a) where the headspace of the equilibrated gas was measured using mobile 222 Rn (Rad7, Durridge) and CO 2 (Licor 820) detectors. Radon was averaged over 10-min time intervals and pCO 2 every minute. A survey of the lake was not undertaken during the flood conditions as the catchment scale survey indicated homogenous water characteristics between the CASS and Lake Exit sampling stations.
Groundwater Samples
To characterise groundwater concentrations of 222 Rn, pH and DIC, a total of 15 groundwater samples were collected from different sites and depths within the catchment (Fig. 1 , Table S1 ). Each well was either purged dry three times (shallow groundwater samples) or a volume of water equal to three times the well volume removed prior to sampling (deep groundwater samples). To determine 222 Rn concentrations, gas-tight 6-L bottles were filled and connected in a closed loop to 222 Rn gas analysers shortly after collection and run for ≥2 h (Lee and Kim 2006) . A calibrated handheld multi-parameter probe (556 MPS, YSI) was used to determine groundwater physicochemical parameters (salinity, DO%, pH and temperature). To characterise groundwater DIC, groundwater samples were filtered (0.7-micron GFF filters) into 40-mL gastight vials and amended with 100 μL HgCl 2 . DIC concentrations were then analysed via a TOC Analyzer (Shimadzu) with an accuracy of ±2 %. The DIC concentrations were converted to pCO 2 using DIC and pH as the input parameters using version 25 of the CO 2 SYS program (Pelletier et al. 2007 ) with the carbonic acid disassociation constants from Millero (1979) and the KHSO 4 constant from Dickson (1990) .
Diffusion and Decay Experiments
To estimate the 222 Rn diffusion rates, a sediment core was collected from each station. These were then incubated for >30 days in ∼5 L of radium-free water within airtight containers. Ra decay (Burnett et al. 2006) . Concentrations of 226 Ra were determined by filtering 20 L of creek water from each station through manganese-impregnated fibres. These fibres were then rinsed with radium-free water, partially dried and analysed via a Radium Delayed Coincidence Counter (RaDeCC) (Moore and Arnold 1996; Peterson et al. 2009 ).
Radon Mass Balance Model
A 222
Rn box model was used to calculate groundwater discharge adopted from Sadat-Noori et al. (2015a) 
where F gw is the groundwater discharge (m 3 day
), Rn gw is the catchment average groundwater endmember concentration (dpm m ), D dif is the radon diffusive flux (dpm m −2 day −1 ), A is the wetted surface area of the section (m 2 ), 226 Raλ 222 V is the radon inputs through radium decay (dpm day −1 ) ( 226 Ra is radium concentration, λ 222 is the radon decay rate and V is the volume of water (m 3 ) in the section), F down Rn down is the radon downstream flux (dpm day
Rnλ 222 V is the radon decay (dpm day
) and J atm is the radon atmospheric evasion (dpm day −1 ). Each term was estimated over >24 h, and the results were integrated over the time-series duration.
As the surface water flow in the upstream creeks and CASS section during the dry experiment was below detection limits, a steady-state mass balance equation derived from Perkins et al. (2015) was used to estimate groundwater discharge:
For Eqs. 1 and 2, J atm was determined using current and wind speed observations using the equations of MacIntyre et al. (1995) :
where k is the piston velocity or the measure of the velocity of gas transfer at the air-water boundary (derived from the empirical relationship of MacIntyre et al. 1995) corrected for the Schimdt number for radon at in situ temperature and salinity (m day
), C w and C air are the water and air concentrations of 222 Rn respectively and α is the Ostwald solubility coefficient. Determining value of α is explained in greater detail in MacIntyre et al. (1995) .
CO 2 Evasion
Air-water fluxes of CO 2 (F) were calculated as follows (Wanninkhof, 1992) :
where k is the gas transfer velocity of pCO 2 (m day −1 ), ΔpCO 2 is the air-water gradient of pCO 2 in microatmospheres and K 0 is the solubility coefficient of CO 2 (mol/(kg atm)), determined as a function of salinity and temperature observations at the time of sampling (Weiss, 1974) . A range of k parameterisation models were utilised for comparison. The first transfer velocity model was determined according to Borges et al. (2004) using the following equation where k 600 takes into account depth, current and wind speed:
where k 600 is the gas transfer velocity (cm h ) (corrected to a Schmidt number of CO 2 ), w is the water velocity (cm s ). This equation was used in the BResults^and BDiscussion^sections as it accounts for not only wind speed but also current and depth, which were all pertinent to the characteristics of the study area. The second transfer velocity model was determined according to Wanninkhof (1992) , using the following equation:
where Sc is the Schmidt number. The third transfer velocity was determined according to Raymond and Cole (2001) where k was determined using the following equation, normalised to a Schmidt number of 600 (k 600 ):
Apparent Oxygen Utilisation
Apparent oxygen utilisation (AOU) calculations were used to determine whether surface water metabolism was driving CO 2 production in the catchment. AOU determines the deviation of dissolved oxygen (DO) concentrations from equilibrium concentration using
where [O 2eq ] is the DO concentration (μM) at equilibrium with the atmosphere, calculated from equations in Benson and Krause (1984) , and [O 2 ] is the measured concentration of oxygen (μM) in surface waters. To examine the relationship between CO 2 and O 2 due to in situ respiration and production, excess CO 2 (μM) was used. Using the equations from Zhai et al. (2005) , excess dissolved CO 2 (or free dissolved CO 2 in excess of atmospheric equilibrium) was calculated using 
Acid Discharge
In order to calculate the total surface water acid discharge, 10-min interval pH readings were converted to [H] + and then averaged for each station. The average [H] + was converted to a mass of sulphuric acid (H 2 SO 4 ), which is the predominant form of acid in the catchment (Macdonald et al. 2004 ) and multiplied by the water discharge. To calculate the groundwater flux rates of acid, site-specific average groundwater [H] + was used and then multiplied by the groundwater volumetric flux rate. The percentage of groundwater to surface water flux of H 2 SO 4 was calculated by dividing the daily groundwater discharge of H 2 SO 4 (kg day −1 ) by the daily surface water discharge of H 2 SO 4 (kg day
).
Results
Meteorological Conditions
In the 3.5 months prior to the dry sampling period (18-20 December 2014), the rainfall total was 148 mm (www.bom. gov.au) and base flow conditions were assumed. Consistently strong spring trade winds and warm temperatures in the 3 months prior resulted in higher evaporation rates (394 mm) than precipitation rates (148 mm) (www.bom.gov.au). During the 6 weeks after dry sampling, summer rains delivered approximately 600 mm of rain to the catchment, with two major flood events of >150 mm of rain per day observed. The flood sampling period (3-4 February 2015) was conducted 10 days after the highest daily rainfall of ∼176 mm, with some parts of the upper catchment creeks still overtopped. Areas surrounding the middle and lower parts of the creeks, lake and estuary were still largely inundated. Average wind speeds during the dry and flood time-series deployments were 4.43 and 5.98 m s −1
, respectively.
Spatial Surveys
The dry period spatial survey identified acid hotspots between the upper catchment sites (remediated creek and nonremediated creek) and the CASS site (Fig. 2 ). In the upper catchment, average pH was 6.1 ± 0.4. The pH dropped to 3.2 downstream of the CASS hotspot and increased to 6.1 approximately 250 m from the discharge point of the creek into the lake. The creek water salinity ranged from 0.1 to 5.6 whilst salinity within the lake ranged from 18.8 to 21.5, with lowest salinity observed in the western side of the lake. The flood condition spatial survey showed the lowest pH (2.6) occurred in the CASS. This also corresponded with the lowest DO saturation (4.6 %) (Fig. 2) . A spatial survey of the lake during dry conditions showed high 222 Rn and pCO 2 and low pH at the creek entrance in the south west corner reaching 1790 dpm m −3
, 2851 μatm and 4.2, respectively (Fig. 3) . Concentrations of 222 Rn on the southern and western sides of the lake were almost 2-fold higher than that on the eastern side of the lake. The areas of lowest pH corresponded to the areas of highest pCO 2 near the creek discharge point. Salinity was generally high (∼20) across the entire lake except the inlet from Clothiers Creek (∼13).
Time-Series Deployments
At the remediated creek time-series station under dry conditions, temperature, DO saturation and pH all followed a diel trend while salinity and water depth were constant (Fig. 4) . The radon concentrations ranged from 14.6 to 27.9 dpm L −1 and were the highest average 222 Rn concentration of all the sites (20.6 ± 5.1 dpm L −1 ). pCO 2 did not follow a diel trend and had the lowest average of all the freshwater sites (9344 ± 1034 μatm). Under flood conditions, the remediated creek again had the highest 222 Rn concentrations, which increased 8-fold from the dry conditions and ranged between 146.0 and 190.8 dpm L −1 (Fig. 4) . During flood conditions, both DO and pCO 2 showed a strong diel trend and pH ranged from 5.3 to 6.1, which was lower than the average during baseflow conditions (6.3 ± 0.1).
At the non-remediated creek station during the dry sampling period, pCO 2 was variable over the 48-h period, ranging from 16,456 to 36,253 μatm (Fig. 4) . The 222 Rn concentration increased steadily during the time-series experiment and ranged from 0.5 to 10.9 dpm L −1
. Other parameters showed little variance with pH ranging from 5.7 to 6.0 and salinity ranging from 0.1 to 0.2. Under flood conditions, the average 222 Rn concentrations (89.1 ± 7.4 dpm L −1 ) were 16 times higher than the dry condition average concentration (4.6 ± 0.5 dpm L −1 ) and ranged from 74.7 to 105.7 dpm L −1 (Fig. 4) . The pH was much lower in the flood conditions (3.2 to 4.2) than in the dry conditions (5.7 to 6.0). DO saturation (20 to 86 %) and pCO 2 (13,676 to 34,728 μatm) both followed a diel pattern while salinity was close to zero. During dry conditions, the CASS station was highly acidic with pH values ranging from 3.1 to 3.3 over the 48-h period (average 3.2 ± 0.1) (Fig. 4) . Both , pCO 2 ranged from 19,658 to 25,291 μatm and salinity averaged 5.7 ± 0.6. Under flood conditions, surface water pH (3.8 to 4.4) and DO saturation (1 to 11 %) were both very low and characteristic of a deoxygenation event. The average pCO 2 (27, 877 ± 758 μatm) was consistently higher than all other stations in flood conditions and ranged from 24,070 to 29,122 μatm. The station recorded average 222 Rn concentrations of 22.6 ± 1.0 dpm L −1 . Salinity remained low (∼0.1) whilst depth was ∼2 times deeper than in the dry conditions. The Lake Exit station had a strong tidal influence with parameters reflecting both diel and tidal trends under dry conditions (Fig. 4) . The ) and pCO 2 (941 to 5197 μatm) showed 4-and 5-fold increases over the tidal cycles. The DO saturation followed a diel trend ranging from 81 to 148 %, salinity remained high throughout ), pH, pCO 2 (μatm), salinity, DO (% saturation) and depth (m) using an IDW interpolation technique the sampling period (20.0 to 22.6), pH was close to neutral (6.6 to 7.2) and the depth ranged from 0.4 to 0.6 m. Under flood conditions, the Lake Exit station was 2.2-fold deeper than during the dry experiment and surface water flow was entirely outgoing during the sampling period. The average pCO 2 concentration (4516 ± 1123 μatm) increased by ∼73 % from dry conditions and average 222 Rn concentrations decreased by ∼3-fold. The water leaving the lake was almost entirely fresh during the flood sampling period (salinity 0.4 to 0.6) and had a lower pH (5.8 to 6.2) than during the dry sampling period.
Groundwater Observations
The average groundwater 222 Rn endmember concentration was 2526 ± 530 dpm L −1 (Table S1 ) which is ∼66-fold greater than the average surface water concentration of the four stations during both the flood and the dry sampling periods. The ) and pCO 2 (μatm). DO saturation was not recorded at the non-remediated creek station in the dry sampling period, and depth was not recorded at the nonremediated creek station in the flood sampling period due to equipment malfunction. Note the different y-axis scale for 222 Rn concentrations and salinity groundwater pH ranged from 3.0 to 5.9 whilst the DO saturation ranged from 8 to 46 %. Salinity averaged 0.4 ± 0.2 and temperature ranged from 19.9 to 26.6°C. The average groundwater DIC concentration was 2967 ± 975 μM and the pCO 2 was 78,775 ± 26,993 μatm, which was ∼5.2-fold greater than average surface water pCO 2 .
222
Rn Mass Balance
The 222 Rn mass balance indicated that groundwater fluxes were much higher during flood conditions than during baseflow conditions (Table 1 ). The groundwater discharge was 83-fold, 145-fold, 54-fold and 34-fold higher in the remediated creek, nonremediated creek, CASS and Lake Exit during the flood sampling period than during the dry period. Although the Lake Exit station recorded the highest groundwater fluxes per day (771 ± 256 m 3 day −1 during the dry conditions and 26,225 ± 5686 m 3 day −1 during the flood conditions), when converted to an areal discharge rate (i.e. cm day (flood conditions). The non-remediated creek section had 77 and 60 % lower groundwater inputs than the remediated creek in the dry and flood sampling periods, respectively. The remediated creek section, during the flood period, had the highest groundwater to surface water flux ratio at 10.3 % (Table 2) . By combining the groundwater inputs of three sections upstream of the lake and comparing to the total discharge per day at the CASS station, groundwater accounted for 14.5 % of surface water inputs to the lake. As flow rates were undetectable at the upstream station during dry conditions, a comparison between flood and baseflow conditions can only be made to the dry conditions in the Lake Exit section. Groundwater accounted for 7.3 % (dry conditions) and 3.7 % (flood conditions) of surface water discharge per day in the Lake Exit section.
Acid Discharge
The CASS section in the dry period contained the highest mass of acid by volume (30.2 g m −3
), and during the flood conditions, the CASS section had the highest acid discharge (∼366 kg H 2 SO 4 day −1 ) ( Table 3 ). However, a significant portion of this acid was due to the combined upstream inputs from the remediated creek (4.2 kg day −1 ) and the nonremediated creek (295.7 kg day
), leaving 66 kg day −1 attributable to the CASS section. Groundwater was the dominant source of acid to the surface waters contributing 89 % of the acid in the CASS section surface waters. Acid discharge in the Lake Exit section increased over 500-fold from 0.1 to 39.2 kg day −1 of H 2 SO 4 from the dry to the flood sampling periods. Of this increase, ∼60 % of surface water acid was attributed to groundwater (Table 3) . A large groundwater to surface water flux was observed at the Lake Exit under dry conditions (∼9320 %) due to a much higher estimated groundwater H 2 SO 4 flux (6.97 kg day ), indicating that some acid is clearly ).
CO 2 Evasion
Based on the k value calculations of Borges et al. (2004) , the total CO 2 evasion rates during the dry sampling period were highest for the CASS and non-remediated creek sections ( Ta b l e 4 ) w i t h f l u x e s o f 2 1 6 3 ± 1 2 5 a n d 2 1 5 5 ± 157 mmol m −2 day −1
, respectively. Under flood conditions, CO 2 evasion rates in the Lake Exit, CASS, remediated creek and non-remediated creek sections increased ∼3-fold, ∼2-fold, ∼2.5-fold and ∼1.7-fold, respectively (Table 4) ) periods.
Apparent Oxygen Utilisation
In both the flood and the dry sampling periods, DO was on average under-saturated (Fig. 5) . Under dry conditions, the AOU ranged from 38.2 μM at the Lake Exit station to 62.7 μM at the remediated creek station, with no AOU observations available for the non-remediated creek due to equipment failure. In the flood, AOU ranged from 63.8 μM at the Lake Exit station to 243.1 μM at the CASS station. Significantly positive relationships between excess CO 2 and AOU where seen under dry conditions for the Lake Exit (r 2 = 0.61, p < 0.001) and CASS (r 2 = 0.24, p < 0.001) stations while under flood conditions there was a significant and positive relationship at all stations (Fig. 5) . Based on the slope of the trend line equations, under flood conditions, the Lake Exit, CASS, remediated creek and non-remediated creek produce excess CO 2 at rates of 1.6, 3.1, 0.9 and 2.0 times greater than AOU. Calculations were made using different k values from Raymond and Cole (2001) , Wanninkhof (1992) and Borges et al. (2004) evasion models. Errors shown indicate the 99 % confidence interval. For averages, error was calculated using the propagation of errors technique. Flow rates of zero were used for Borges k values for Lake Exit (dry/flood) and the two creeks (dry)
Discussion
Hydrology Using a spatiotemporal (multiple time-series station) approach, under contrasting hydrological conditions, we were able to distinguish fluxes of groundwater, acid and CO 2 and assess the drivers of these fluxes along a continuum in a CASS floodplain. Under flood conditions, by integrating the groundwater fluxes along the continuum upstream of the lake, groundwater discharge accounted for 14.5 % of surface discharge into the lake (Table 2) . In previous studies, groundwater seepage into a CASS wetland accounted for ∼10 % during flood events and 12 to 19 % post-flood . At another modified CASS wetland using two stations, averaged groundwater discharge was shown to account for 76.8 ± 19.2 % of total surface waters (Atkins et al. 2013) . In this study, if only one time-series station at the CASS section endpoint was used to calculate groundwater fluxes, groundwater discharge would range from 0.9 to 4.2 % of daily surface water discharge into the lake. The midpoint of this range underestimates the groundwater to surface water composition more than 5-fold, highlighting the importance of using a multiple station approach. Under dry conditions, the remediated creek groundwater inputs (1.31 ± 0.34 cm day −1
) were over 5-fold higher than those of the non-remediated creek (0.25 ± 0.07 cm day −1 ) ( Table 1) . If only one system endpoint, such as the CASS station, was utilised to estimate groundwater inputs (0.26 cm day −1 ), this would also underestimate the daily groundwater inputs for the remediated creek by ∼5-fold. In a nearby subtropical estuary, Sadat-Noori et al. (2015a) showed that by utilising multiple time-series stations, uncertainties in groundwater flux estimates could be reduced to ∼20 %, whilst providing spatial insight to groundwater input rates. Within this study, however, there were still uncertainties, which we similarly have attempted to account for in order to constrain the unknowns. To provide an indication of the errors associated within our estimates, uncertainties were calculated across the entire mass balance utilising the propagation of errors technique (Table 1, Table S2 ). For propagating uncertainties, we utilised assumptions similar to Sadat-Noori et al. (2015a) and Santos et al. (2014) . We applied 10 % error for utilising non-localised wind data (sourced from BOM), 1 % error for depth (as per manufacturers specs), 10 % error in discharge calculations (∼2 % as per manufacturers specs) and 10 % error on volume calculations and applied specific analytical errors from instrumentation (Rad7 and RaDeCC) for ) were ∼28 and ∼25 %, for the dry and flood conditions, respectively.
The differences in groundwater fluxes observed between the two creeks in both the flood and dry conditions are potentially related to differences in how the water table drains into the creek systems. We used a catchment average groundwater endmember for the mass balance calculations (2526 ± 530 dpm L −1 ), as the areas around the remediated creek and non-remediated creek had similar groundwater endmember averages (2735 ± 1046 and 4190 ± 777 dpm L −1 ) that were not significantly different (p = 0.13) ( Fig. 1 and Table S1 ). The creeks also had similar soil and catchment characteristics, so it would be assumed that soil permeability and topographically driven hydraulic gradients were relatively similar. One major difference between the creeks was that the non-remediated creek had more drainage canals upstream than the remediated creek (Fig. 1) . These drains expand the area where groundwater can enter surface waters, potentially enhancing overall seepage rates. The low 222 Rn concentrations seen in the non-remediated creek may be more characteristic of shallow localised groundwater discharge that is flushed only after rain events but is not sustained over longer time scales.
After heavy rain events, the groundwater discharge rates increased by orders of magnitude within all sections of the catchment (Table 1, Fig. 6 ). In a similar CASS environment, groundwater discharge rates were negligible during a dry period and increased to ∼300 cm day −1 shortly after a heavy rain . Groundwater tables are naturally recharged and raised after heavy rain events with discharge primarily driven by increased hydraulic gradients . Anthropogenic draining of wetlands is shown to dramatically increase aquifer recharge rates (Harvey and McCormick 2009 ) and also enhance groundwater discharge rates, with the corresponding delivery of nutrients and dissolved species into surface waters (Macklin et al. 2014; Santos et al. 2008) . As drainage within the catchment was heavily modified, groundwater discharge rates were likely to be increased by the artificial drainage canals upstream of the lake. Determining the groundwater
222
Rn endmember for the mass balance can be one of the largest sources of uncertainty in the mass balance due to high variability in groundwater 222 Rn concentrations (Burnett et al. 2007; Dulaiova et al. 2008) . In addition to 222 Rn in groundwater samples having high spatial variability, they have also been shown to have high temporal variability. At a nearby floodplain, the temporal variability of 222 Rn groundwater concentrations over a 1-month period ranged from 54 and 169 dpm L −1 (Atkins et al. 2013) . As the 222 Rn groundwater samples were collected over a short time period, the endmember value used in this study may not account for temporal variability. The spatial distribution of groundwater samples may also influence the groundwater endmember concentration. We used an average catchment groundwater endmember; however, if localised groundwater endmember concentrations for each section were used, there would be a decrease of groundwater fluxes of ∼8 and ∼40 % for the remediated creek and non-remediated creek, respectively, and an increase in groundwater fluxes of ∼19 and ∼1042 % for the CASS and Lake Exit, respectively. The large increase in groundwater flux for the Lake Exit can be attributed to low localised groundwater 222 Rn concentrations around the lake. As the bore samples close to the lake were relatively shallow, they likely had short groundwater residence times and were potentially recharged by surface infiltration. Shallow groundwater generally contains lower Rn concentrations as endmember values and combining the total upstream fluxes during the flood period (i.e. the CASS, remediated creek and non-remediated creek sections), a total groundwater input of 10,217 m 3 day −1 is calculated, which is a decrease of only ∼2 % over our estimates based on catchment-wide average endmember values. However, when combining groundwater fluxes of all four sections (using localised endmembers), groundwater would account for 44 % of surface water discharge, which is ∼9-fold greater than when using catchment average endmembers. Evasion accounted for the largest proportion of the 222 Rn losses in the mass balance model, especially under the dry hydrological conditions. Our radon k values were calculated using the empirical relationship suggested by Macintyre et al. (1995) , which has been utilised in numerous similar studies discussed in Cockenpot et al. (2015) . Evasion has been shown to be the largest loss term of 222 Rn mass balances previously (Cockenpot et al. 2015; Dimova et al. 2013; Perkins et al. 2015) . Due to this, evasion is likely to provide one of the greatest uncertainties of a 222 Rn mass balance, with estimates of ∼50 % uncertainty (Kluge et al. 2007; Santos et al. 2008) . During the dry sampling period, of the total 222 Rn sinks (evasion +
Rn decay + downstream exports), evasion accounted for 75.4 (remediated creek), 75.1 (non-remediated creek), 70.4 (CASS) and 86.6 % (Lake Exit) of the mass balance 222 Rn losses. Under flood conditions, evasion accounted for 25.1 (remediated creek), 31.1 (non-remediated creek), 58.1 (CASS) and 85.6 % (Lake Exit) of the 222 Rn sinks. Although other sources of groundwater discharge (i.e. hyporheic exchange) may drive 222 Rn concentrations (Santos et al. 2012b ), we assume that the effect of these minor sources would be negligible and, therefore, it was not included in the 222 Rn mass balance, as demonstrated for similar sites (Atkins et al. 2013; Makings et al. 2014; Gleeson et al. 2013 ). ), under dry and flood hydrological conditions. Note that due to undetectable flow rates during dry conditions, H 2 SO 4 at the non-remediated creek, remediated creek and CASS is presented as a concentration (g m −3
) Acid Discharge
The spatial survey followed by the multiple station approach helped to identify acid hotspots and quantify acid volume along the flow continuum. Under dry conditions, the CASS section surface water was extremely acidic, averaging pH 3.2 ± 0.1 (Fig. 4) , and contained an estimated mass of H 2 SO 4 by volume of 30.2 g m −3 (Table 3 , Fig. 6 ). In spite of low volumetric inputs, the groundwater flux of H 2 SO 4 in the CASS during the dry period was orders of magnitude higher than both the upstream creeks (Table 3) . This implies that concentrated acid from the CASS was being delivered to surface waters by groundwater seepage. This slow and ubiquitous process in dry conditions, where the water table is lowered (enhanced by the extensive drainage canals), creates ideal conditions for sulphuric acid production in CASS via oxidation of metal sulphides (predominately pyrite), which is then flushed following rain events . Under flood conditions, groundwater H 2 SO 4 flux accounted for ∼89 % of the surface water H 2 SO 4 within the CASS section or ∼59 kg day −1 of H 2 SO 4 to surface waters (Fig. 6 ). The estimates of the average daily export of surface water H 2 SO 4 from other CASS floodplains in the region range from 0.3 to 0.9 kg ha −1 day −1 Johnston et al. 2004a; Sammut et al. 1996; Wilson et al. 1999) . However, many of these past acid discharge estimates quantified fluxes of acid utilising system endpoints. By isolating each section within our study, we were able to identify differences between the disturbed CASS sites and the non-CASS sites, giving a more detailed estimate of acid flux rather than catchment scale estimates, which are composed of both CASS and non-CASS areas. , respectively. These estimates, however, should be considered as maximum export rates that are useful only to compare to other studies following floods. Our estimates do not take into account low export periods or the expected post-flood peak discharge periods Johnston et al. 2004a ) and would therefore require seasonal scale measurements for annual estimates.
If only one sampling station downstream of the CASS was used to calculate the total acid discharge (i.e. 365.9 kg day −1 H 2 SO 4 ), assumptions that all acid inputs originated from within the CASS section would be ∼5.5-fold greater than actual inputs of 66 kg day −1 H 2 SO 4 . The low volumetric acid inputs recorded from within the CASS section may be due to surface water dilution (pH ∼7) and creek water dilution from the remediated creek (average pH 5.7 ± 0.1). By isolating the CASS, remediated creek and non-remediated creek sections, it could be seen that the non-remediated creek section had the highest acid flux rates of 36.6 g m −2 day −1 of H 2 SO 4 (Table 3) .
Maximum acid discharges from CASS environments have been shown to peak as surface water levels and surface discharge rates recede about 3 weeks after significant rainfall events . Therefore, it could be assumed that as floodwaters receded (i.e. after our flood time-series experiment), the ratio of groundwater discharge to total surface water flow, and the subsequent acid flux from within the CASS section, could potentially be higher than the estimates provided in this study. Acid discharge within the non-remediated creek increased significantly between the dry and flood conditions but remained similar in the remediated creek. Under flood conditions, the remediated creek groundwater flux increased more than 80-fold with minimal change in surface water pH compared to dry conditions. In contrast, the non-remediated creek groundwater flux increased 145-fold with a ∼170-fold increase in average surface water [H] + . This supports earlier discussion that the non-remediated creek's extensive drainage systems provide enhanced pathways for fast groundwater discharge from the sulphuric soils. In contrast, the infilling of drains as occurred in the remediated creek reduces the total seepage area of acid in CASS environments (Johnston et al. 2004b) . It would also increase the water table height preventing oxidation within sulphidic soils by reducing oxygen penetration (Blunden and Indraratna 2000) . Therefore, the drain infilling works around the remediated creek are likely to have reduced oxidation rates of sulphidic soils and may provide deeper and less acidified groundwater discharge.
Downstream of the CASS and creeks, the lake acted as a major acid buffer zone in both flood and dry conditions (Fig. 2) . Previous CASS studies assessing acid discharge using system endpoints near major estuaries, tributaries and river systems could not determine where acid neutralisation occurred Johnston et al. 2003; Sammut et al. 1996; Wilson et al. 1999) . Our spatiotemporal experimental design provided insight into where the neutralisation of acid delivered to the lake occurred. Under dry conditions, daily exports of H 2 SO 4 were minimal at the Lake Exit station (0.1 kg day −1 ) indicating that the highly acidic CASS groundwater seeping into the lake was either heavily diluted or completely neutralised by brackish water (salinity 20.7 ± 1.4) (Fig. 3) . Under dry conditions, tidal inflows from the estuary likely provided acid buffering from seawater alkalinity (Indraratna et al. 2002) where alkalinity converts the protonic activity (derived form sulphuric acid) into the much weaker carbonic acid (Stumm and Morgan 1996) .
Under flood conditions, the discharge of ∼366 kg day −1 of H 2 SO 4 entering the lake was reduced to ∼39 kg day −1 of H 2 SO 4 (∼9-fold reduction) discharging into the estuary through the Lake Exit station (Fig. 6, Table 3 ). However, as water discharged from the lake was almost entirely fresh (salinity 0.50 ± 0.03) with no tidal influence, seawater buffering was unlikely. Therefore, decreased acid discharge downstream of the lake was more likely due to dilution by incoming overland floodwaters and surface runoff. A longer time-series study to understand the hydrological relationship between flood recovery periods, the return of ebb tides and acid discharge would be required to determine where and when buffering and dilution intersect.
CO 2 Evasion
Determining the gas transfer velocity (k) is the largest source of uncertainty when calculating CO 2 evasion rates. As measuring in situ k values were beyond the scope and feasibility of this study, the main caveat in interpreting our CO 2 results is uncertainties around k values. To offer a range in CO 2 evasion, we utilised a variety of empirical gas transfer velocity models. Although this approach has been utilised previously to calculate evasion rates (Atkins et al. 2013; Arevalo-Martínez et al. 2015; Call et al. 2015; Makings et al. 2014) , caution is always recommended when utilising modelled k values (Borges et al. 2004; Raymond and Cole 2001; Wanninkhof 1992) . Within estuaries and rivers, the gas transfer velocity is often much higher at a given wind speed than in the ocean due to current driven turbulence (Abril et al. 2000) . We determined the Borges et al. (2004) empirical relationship for k to be most suitable, as it accounted for not only wind speed but also current-driven evasion that is clearly important in CASS landscapes (Atkins et al. 2013; Gatland et al. 2014) . Irrespective of the k value used, the high pCO 2 values recorded in the study lead to high evasion rates in flowing waters; however, caution is urged when interpreting the absolute flux values, as large uncertainties exist in the transfer velocity term. Within CASS and estuarine environments, there are a number of biogeochemical processes that can drive super saturation of pCO 2 in surface waters. During the dry sampling period, diurnal patterns of DO existed at all stations (Fig. 4) indicating that photosynthesis and respiration were occurring. At the CASS site in the dry sampling period, the AOU vs excess CO 2 correlation plots (Fig. 5 ) indicated a positive significant relationship (r 2 = 0.39, p < 0.001) and excess CO 2 concentrations (∼694 μM) exceeded what could be accounted for by aerobic respiration alone. This excess CO 2 may be associated with a combination of aerobic and anaerobic decomposition of organic matter and/or groundwater inputs of DIC combined with low pH waters. The upstream creeks and CASS had extensive macrophyte coverage during the dry campaign, and this is likely responsible for some CO 2 respiration. Under such low flow conditions, the poorly flushed creeks may accumulate nutrient inputs from the catchment. This may create eutrophic conditions where algal and macrophyte blooms are followed by decompositional phases leading to high pCO 2 (Borges and Abril 2011) . In addition, wetlands have high anaerobic metabolism rates where processes such as methanogenesis and sulphate reduction produce CO 2 without consuming O 2 and can lead to high pCO 2 (Borges and Abril 2011; Gatland et al. 2014) . Furthermore, as the pH of water drops below 6, the majority of DIC shifts towards CO 2 and at a pH <4; ∼99 % of DIC is in the form of CO 2 (Kalff 2002) . This is evidenced by the significant relationships observed between pH and pCO 2 in the non-remediated creek (Fig. S1) .
Under flood conditions at the non-remediated site, we observed an interesting inverse and diurnal relationship between pCO 2 and oxygen saturation, with higher pCO 2 observed during daytime and higher oxygen observed at night (Fig. 4) . As the site was extremely acidic (average pH = 3.7 ± 0.2), primary production may have been inhibited (Kwiatkowski and Roff 1976) . However, as microbial respiration is always occurring, daytime temperature-driven increases of microbial respiration may explain the daytime increases in pCO 2 and consumption of oxygen (maximum temperature = 26.0°C). At night, the reduction in temperature (minimum temperature = 22.8°C) may reduce bacterial respiration rates and therefore explain the subsequent increase in surface water oxygen saturation observed.
CO 2 flux rates of the CASS section were the highest of all sites under both the dry (2163 ± 125 mmol m −2 day −1
) and the flood conditions (4061 ± 259 mmol m −2 day −1 ) ( Table 4 , Fig. 6 ). The air-water CO 2 flux rates observed in this study were much higher than those reported in previous estuarine/ wetland studies likely due to our ability to calculate flux rates for each specific compartment of the creek-wetland-estuary continuum (Table S3 ). Fluxes of CO 2 can be extremely variable over short temporal and spatial scales (Abril et al. 2000; Frankignoulle et al. 1998 , as were observed at the non-remediated creek where pCO 2 ranged from 16,456 to 36,253 μatm over 48 h (Fig. 4) . Previous studies, which have used one time-series station or only spatial techniques to calculate CO 2 flux rates, may potentially miss peak CO 2 fluxes (Cai 2011 , Sadat-Noori et al. 2015b ). The increase in CO 2 flux rates under flood conditions may represent peak CO 2 fluxes of a 'hotspot' undergoing a 'hot moment' (McClain et al. 2003) . Hotspots are defined as areas showing disproportionally high reaction rates compared to the surrounding matrix, whilst hot moments occur when episodic hydrological flow paths reactivate and/or mobilise accumulative reactants (McClain et al. 2003) . Using a seasonal survey near a CASS wetland, Ruiz-Halpern et al. (2015) showed that CO 2 evasion rates peaked 8 days after heavy rains. As our flood condition sampling campaign was conducted shortly after a major rainfall event, this may have similarly captured the highest CO 2 evasion rates. In addition to previously discussed CO 2 production processes, under flood conditions, infiltrating surface waters would likely acquire high CO 2 concentrations, derived from the respiration of floodplain organic matter . This CO 2 -enriched water is then discharged into the creeks as groundwater, along with additional organic matter fuelling further respiration ) and increases in pCO 2 .
Under dry conditions, groundwater fluxes of DIC could not account for the high CO 2 evasion rates (Table 4) . Using carbon-stable isotopes to determine the sources of CO 2 in a similar drained CASS wetland, surface water and drain water processes were determined to be the main sources for CO 2 , rather than groundwater (Gatland et al. 2014) . Atkins et al. (2013) , however, determined groundwater as a major DIC source to surface waters and the primary driver for CO 2 evasion rates in a modified CASS wetland. At the Lake Exit station, a positive and significant relationship between 222 Rn and pCO 2 in the dry conditions (r 2 = 0.75, p < 0.001) (Fig. S1 ) suggested that groundwater was partially responsible for surface water pCO 2 in the lower catchment. However, this may be due to tidal pumping of the lower estuarine sediments as suggested by the significant positive 222 Rn and pCO 2 correlations with depth (Fig. S1 ). Although groundwater fluxes of DIC at the remediated creek were the highest of all stations (Table 4) , this still could only account for ∼5 % of daily CO 2 evasion during baseflow conditions (assuming all groundwater-derived DIC is evaded as CO 2 ), indicating other drivers such as groundwater acid fluxes may be driving high pCO 2 .
Under flood hydrological conditions, groundwater DIC flux rates increased 15-to 91-fold from the dry conditions (Table 4 ) with a positive and significant relationship between 222 Rn and pCO 2 observed at the Lake Exit station (r 2 = 0.50, p < 0.001) (Fig. S1 ). At the remediated creek, the 39-fold increase of groundwater carbon flux contributed ∼76 % of total daily CO 2 enrichment of surface waters, indicating groundwater DIC flux could be the main driver of CO 2 evasion (Table 4) . Despite this, the total daily evasion rates at the remediated creek section were still lower than those of the non-remediated creek and CASS sections. Similar to the dry conditions, this again implies that the CO 2 fluxes from impacted CASS sites may be driven more by groundwater discharge of acidity, shifting the surface water DIC speciation towards CO 2 rather than direct groundwater DIC inputs.
The lake buffered the effects of acid discharge and therefore reduced water column pCO 2 . Where the mixing of fresh and brackish water in the dry conditions occurred, a significant negative correlation (r 2 = 0.28, p < 0.001) between pH and CO 2 was observed (Fig. S1 ). This biogeochemical mixing zone within estuarine waters is referred to as the minimum buffer zone (MBZ) (Hu and Cai 2013) . When alkalinity is present, this zone is known to neutralise pH, decreasing pCO 2 . In the nearby Richmond River Estuary, the MBZ was determined to be within the 3-15 salinity range , which is similar to the MBZ in the Mississippi River (Hu and Cai 2013) . This MBZ range (under dry conditions) may also be similar in Cudgen Lake, as near complete buffering was observed (Fig. 3) for low-pH and high-pCO 2 waters between the CASS (salinity 5.7 ± 0.6) and Lake Exit stations (salinity 21.5 ± 0.4). If this is the case, this implies that much of the CO 2 is either lost to evasion or buffered in the lake. However, under high flow hydrological conditions, with little alkalinity present (salinity 0.1 ± 0.0), shifts in pH and pCO 2 were likely driven by floodwater dilution, CO 2 evasion and downstream exports along the continuum (Figs. 2, 4 and 6) .
Conclusion
This study identified that drained CASS wetlands can drive extremely high pCO 2 and therefore CO 2 evasion rates. The remediation works of a CASS creek appears to have mitigated some of the acid discharge and the related CO 2 flux rates, whilst possibly driving a deeper and more sustained groundwater discharge. This emphasises the notion that these understudied CASS systems may play significant roles in coastal carbon cycling due to a combination of high groundwater inputs and low pH waters enhancing CO 2 supersaturation in surface waters. The tidal lake buffered the acid inflows from the CASS wetland highlighting that tidal inflows are an important function within these systems. Although logistically challenging, utilising an integrated spatiotemporal approach along a continuum provided higher resolution and a detailed characterisation of the drivers of groundwater, acidity and CO 2 flux estimates. Calculating site-specific k values in future studies would reduce uncertainties in estimates.
